The tyrT operon of E. coli and several other tRNA operons of E. coli show striking structural features: they contain repeated sequence units including a 19bp motif resembling the 3' end of the corresponding mature tRNA. A novel RNA, encoded by the repeated sequence of the tyrT operon, was identified. The RNA, characterized by primer extension and Nuclease-S1 analysis, contained 171 nucleotides and terminated with the 19bp motif of the CCA-end of tRNA/v. The RNA, designated as rtT RNA, is probably released from the primary transcript of tyrT during tRNA processing, it includes the coding capacity for the arginine rich peptide Tpr. Predictions of secondary folding resulted a rather stable RNA structure with a free energy of -44.3kcal/mol. A weak ribosome binding site was found, preceeding the second possible AUG initiator codon for Tpr. The comparison of rtT RNA with putative transcripts from the repeated sequences associated with related tRNA genes showed common features with respect to primary structure, arrangement and secondary folding. In E. coli cultures the lag-phase during growth, caused by transient glycine or by isoleucine limitation, was found to be overcome or markedly shortened in the presence of rtT RNA. These and previously reported results suggest a modulatory effect of rtT RNA on stringent response.
INTRODUCTION
The tyrT operon of E. coli encodes tRNA| T y r and is located at 27min on the E. coli genetic map. The promoter of tyrT contains an upstream activation sequence (UAS) that permits optimal rates of transcription (1, 2) . The transcription of tyrT is under stringent control (3) . Mutations within the discriminatory region between the -lObox and the transcription start site abolish the stringent control as well as the dependence of the expression of tyrT on the growth rate (4) . The transcriptional activation of tyrT and of other genes coding for stable RNAs is suggested to be conferred by the binding of the transactivator protein Fis to the upstream activation sequence (5) .
The tyrT locus contains two tandemly repeated tRNAi T y genes separated by a 208bp spacer segment (6, 7) . This segment includes a 119bp motif that occurs repeatedly in three sequences of 178bp, following in the distal portion of the locus. Each repeat terminates with 19 nucleotides, identical with the 3' end of the mature tRNA, and contains a Rho-dependent transcription terminator. The major transcription termination site of tyrT is present within the second repeat (8) , but primary transcripts beyond this site are identified (7) . However, the presence of either repeat results in a termination efficiency of 88 % in an appropriate reporter system (9) .
The tyrT operon encodes a complex transcript, specifying tRNA, 7^ and an mRNA for a small, basic peptide (7) . The basic peptide, designated Tpr (10) , is encoded in the first repeat, and DNA from a tyrT transducing phage directs its synthesis in vitro (11) .
All tRNA genes of E. coli have been identified (12) , and a similar arrangement of terminal repeats has been found for the Ser5 gene at 23min, for the Ser3-Arg2 operon at 58min, for the Prol gene at 78m in (13) and for the Lys-Vall-Lys gene at 18min of the genetic map (14) . The tyrT operon confers some selective advantage upon the cell (15) . Therefore an active maintenance of its complex structure in the genome appears to be important (15) . The structure of the tyrT locus is quite unstable because of unequal recombination events (15, 6, 16 ). Previously we have constructed a tyr7"-null mutant (17) and confirmed that the tyrT operon is not essential for the growth of E. coli cells (15) . However, the deletion mutant exhibits a characteristic phenotype: when cells are shifted from a rich to an amino acid limited minimal medium they suffer a transient glycine starvation, which gives rise to stringent response. The results suggest that the terminal repeats encode RNA(s) involved to overcome the transient starvation of the cell for glycine.
In this report we describe the occurrence, the sequence, the predicted secondary folding and functional properties of a novel RNA transcribed from the tyrT operon. r ] (17) . The plasmids were introduced into bacteria using the standard transformation protocol (18) . Bacteria were cultured under aerobic conditions at 37°C in rich medium (YT), or in minimal medium (M9) (19) with 30mM mannitol or 0.4% glycerol as carbon source, supplemented with 0.03% casamino acids. 10ml cultures were grown in a 100ml Erlenmeyer flask modified with a side arm cuvette. Growth was monitored by measuring the A 578 . Cultures were inoculated 1:100 with an overnight culture. Stringent control was induced by the addition of valine to a final concentration of 15/tM causing isoleucine starvation (3) . In these experiments the M9 minimal medium was supplemented with each of the canonical amino acids-except isoleucine and valine-at a concentration of 20/ig/ml. Each experiment was performed at least three times. If required, antibiotics were added in the following concentrations: kanamycin, 50/ig/ml, tetracycline, 20/ig/ml, chloramphenicol, 10/tg/ml.
Preparation of total RNA
Cells were grown until they reached the mid-logarithmic phase and then diluted into two volumes of an icecold solution of 80% ethanol/1% diethylpyrocarbonate (20) . After centrifugation the cells were resuspended in lml 4M guanidinium isothiocyanate mixture (18) and lysed for 3min at 95°C. The RNA was pelleted through a cushion of lml 5.7M CsCl (35,OOOrpm, 18°C, 16h), dissolved in 300/d TE buffer (lOmM Tris/HCl pH 7.5, lmM EDTA) and extracted once with phenol/chloroform and thereafter with chloroform/isoamylalcohol (24:1 v/v). RNA was precipitated by the addition of 0.1 volume 3M Na-acetate pH 5.0 and 2.5 volumes of ethanol, and washed once with 80% ethanol and dissolved in sterile aqua dest. By this procedure RNA samples completely free of contaminating plasmid DNA were obtained.
Hybridization conditions
RNA was separated by formaldehyde gel electrophoresis (21) in 1.2 % agarose gels, blotted onto cellulosenitrate with 20X SSC and hybridized with specific nick-translated DNA probes. The DNA probes were obtained as restriction fragments, extracted from low melting point agarose gels. Hybridization was performed in 50% formamide, 5xSSC, 1% SDS, lxDenhardt solution (0.02% BSA, 0.02% Ficoll, 0.02% PVP) and 20/tg/ml denatured salmon sperm DNA. Filters were washed twice in 2XSSC at room temperature, twice for 30 minutes in 2xSSC, 0.5% SDS at 60°C and once for 15 minutes in 0.1 xSSC at room temperature.
Nuclease-Sl analysis
Nuclease-Sl analysis (22) was used to determine the 3' end of rtT RNA. A Xhol/Xhol fragment of tyrT (pos. +514 to pos. +692) was prepared as a probe and labelled by filling in the Xhol sites using [a J2 P]-dATP and Klenow polymerase. The labelled fragment was cut with Hindin (pos. +672) and the digestion products were separated on a 5% native PAA gel. The 162bp Xhol/Hindlll fragment carrying the radioactive label on the coding strand was cut out from the gel and extracted. 40,000cpm of labelled DNA and 40/tg of total RNA from strain K12xpUM302 were suspended in 30/tl of hybridization buffer (80% formamide, 40mM Pipes pH6.4, lmM EDTA, 0.4M NaCl) and denatured for 10 minutes at 85°C and incubated over night at the calculated hybridization temperature of 57 °C. The hybridization mix was diluted with 300/tl SI-mapping buffer (0.28M NaCl, 0.05M Na-acetate pH4.5, 4.5mM ZnSO 4 , 20/tg/ml denatured salmon sperm DNA, 200 to 600U/ml Nuclease-Sl). Digestion with Nuclease-Sl was carried out for 90 minutes at 37 °C. The reaction was stopped on ice with 80/il SI stop mix (4M NH 4 -acetate, 50mM EDTA, 50mg/ml carrier tRNA). After ethanol precipitation the RNA protected DNA was analysed on a 7% PAA sequencing gel together with a M13mpl8 dideoxy-sequencing reaction as the size standard.
Primer extension analysis
The 5' end of rtT RNA was determined by primer extension analysis (23) . A synthetic oligonucleotide (20-mer) complementary to pos. +471 to +490 of tyrTwas labelled with 32 P at the 5' end using T4 polynucleotide kinase and [T-32 P]-ATP. 40/tg of total RNA were coprecipitated with lOpmol of labelled primer, resuspended in 10/tl hybridization buffer (0.4M NaCl, lOmM Pipes pH6.4) and denatured for 4 minutes at 85 °C. The primer was annealed to its complementary RNA for lhour at 42°C and then extended with AMV reverse transcnptase for lhour at 42°C after dilution with 90/d reverse transcriptase buffer (50mM Tris/HCl pH 8.2, lOmM DTT, 7mM MgCl 2 , 0.5mM dNTPs each, 10 U AMV reverse transcriptase). The reaction was stopped by ethanol precipitation and the products were analysed on a 8% PAA sequencing gel together with an M13mpl8 dideoxy-sequencing reaction as the size standard.
Quantitative analysis of specific tRNAs
Bulk tRNA was prepared from E. coli grown in M9 minimal medium to the logarithmic phase and specific amino acid acceptor activity was determined as described previously (17) . To differentiate between the isoacceptors tRNAi 7^ and tRNA 2 Tyr 10/ig of bulk tRNA, denatured by heat, was dotted onto a cellulosenitrate membrane equilibrated with 20xSSC. Prehybridization and hybridization were performed in 4xSSC, 0.1 %SDS, 1 x Denhardt solution. The filter was hybridized with a 32 P-labelled oligonucleotide and washed twice at room temperature with 4xSSC, 0.1%SDS. By step-wise increasing the stringency of the washing procedure from 44°C to 56°C cross hybridization between the two isoacceptors was eliminated. The oligonucleotide specific for tRNA^y had the sequence 5'-TC-GAAGTCGATGACGGCA-3', the oligonucleotide specific for ' Ty 5 '-TCGAAGTCTGTGACGGCA-3'. (26) .
RESULTS

Identification of a novel RNA product of tyrT
The organization of the tyrT operon is shown in Fig. 1 . In the tyrT deletion strain described in a previous paper (17) Fig. 1 ). Therefore we have suggested that an RNA transcript of the terminal repeats is involved in restoring the wildtype growth behaviour of the tyrT deletion strain (17) .
To identify the putative complementing RNA the wildtype strain K12 was transformed with the plasmid pUM3O2. Overexpression of the RNA upon transformation was expected to facilitate the identification of the RNA and to confirm that this RNA transcript was encoded by the repeats. Transformation with the plasmid pTT304, lacking the three terminal repeats, served as a control. Total RNA was isolated, size-fractionated on an agarose/formaldehyde gel, blotted onto cellulosenitrate and hybridized against a nick-translated Sspl-fragment of tyrT (pos. +468 to +645). The small size of the probe lowered the sensitivity of detection, but increased the specifity of the probe and avoided crosshybridization with tRNA T y. An RNA transcript of approximately 180 nucleotides was identified (Fig. 2) . This was detectable in the wildtype strain (lane 1) and was completely absent in the tyrT deletion strain DTK 12 (lane 4), indicating that it was a specific transcript of the tyrT gene. In strain K12xpUM302 the RNA was strongly overexpressed according to the ryrrcopy number of 10-20 per cell (lane 3). A low expression, similar to the level in the wildtype strain, was also observed in strain K12xpTT304 (lane 2) lacking the terminal repeats, but still contained this element between the two tRNA genes and the intact chromosomal copy of the tyrT operon. From these results we concluded that the main RNA transcript was derived from the 1. terminal repeat. The RNA is designated here as rtT RNA because it is encoded by the repeat structure of the tyrT operon.
Characterization of rtT RNA
The 5' end of rtT RNA was determined by primer extension analysis using total RNA from strain K12xpUM302. A primer complementary to pos. +471 to +490 of tyrT was found to be suitable. This primer was extended by reverse transcriptase to a transcript of 62 nucleotides as determined by electrophoresis on a PAA sequencing gel together with a sequencing ladder as a size standard (Fig. 3) . The length of the main extension product tRNA?" (about 80% of all extension products) corresponded to pos. +429 of tyrT. This position was found to be identical with the 3' processing site of tRNA, 1 *- (27) , where the processing of tRNA starts with an endonucleolytic cut releasing the 3' end of the primary transcript. The occurrence of some longer signals probably resulted from imprecise processing or from unprocessed primary transcripts. Total RNA from the tyrT deletion strain DTK12 was used as a negative control; an extension product was not found in this case.
The 3' end of rtT RNA was mapped by the Nuclease-Sl technique. A sequence of 162bp from the XhoI/HindHI-fragment of fyrT(pos. +514 to +672) was labelled at the coding strand and was annealed to total RNA from strain K12xpUM302. Single stranded regions were digested by Nuclease-Sl and the remaining DNA strand, protected by RNA, was analysed on a PAA sequencing gel. A DNA fragment of 85 nucleotides was obtained corresponding to pos. +599 of tyrT, the 3' end of the first repeat (Fig. 4) . The much weaker cleavage region, observed at a length of 102 nucleotides, was considered to be background, because a signal of the same length occurred in the control experiment (Fig. 4, lane 1) . It may result from partial secondary structure formation of the DNA probe itself.
The 3' end of rtT RNA was not identical with the major transcription termination site that is localized 46bp further downstream in the second repeat at pos. +645 (8) . Therefore a trimming or processing mechanism must be postulated cutting away the last 46bp of the primary transcript to form mature rtT RNA. We suggest that the CCA-motif (the 19 nucleotides identical with the 3' end of tRNA, 1^ might serve as a recognition signal for processing tRNA, 7^ as well as rtT RNA.
Secondary structure of rtT RNA Possible folding of rtT RNA was analyzed using the algorithm of Zuker (24) (25) and was applied for secondary structure prediction of rtT RNA. In the resulting secondary structure of rtT RNA pseudoknots or a tRNA-like shape were not detectable (Fig. 5) . rtT RNA contains the whole reading frame for Tpr, a small basic peptide (Fig. 5) , that can be expressed in an in vitro system. (11) . There are two possible start codons from pos. 49 to 51 and from pos. 61 to 63 of rtT RNA (Fig. 5) . Both are used equally well in vitro (11). We did not find a 'Shine-Dalgarno' sequence in front of the first AUG initiation codon. In front of the second AUG a 'Shine-Dalgarno' sequence (GGGGA) and in a proper distance a downstream ribosome binding site (CUUC), that is also involved in base pairing with 16S rRNA (29) , was present. The initiation signal in front of the second AUG was found to be involved in a very stable stem structure (Fig. 5) . Secondary structure models demonstrate that the rate of translation is strongly decreased if the initiation signals of translation are part of a stem structure (30) . Therefore base pairing of the initiation site with the 16S rRNA probably occurs only upon unfolding of rtT RNA.
Comparison of tRNA-associated repeat structures of E. coli with rtT RNA The tRNA genes Tyr r Tyr, (tyrT), Pro,, Lys-Val,-Lys, Ser 5 and Ser 3 -(Arg 2 ) 4 (6, 7, 13, 14, 12) contain repeated sequences terminating with a 19bp or 18bp CCA-motif of the corresponding tRNA gene (see Fig. 6 ). This strikingly similar organization suggests a common mechanism of development by repeated tandem duplication of these tRNA genes. According to rtT RNA identification we define the repeat structures by starting downstream of the tRNA gene and by terminating with the CC-A-motif as in the case of rtT RNA. These repeat structures were compared with rtT RNA using the GAP-program and were found to be closely related according to the sequence and organization of the genes (Fig. 5) . Between rtT RNA and the repeat of the Proj gene 63% homology and a similar length was observed. Downstream of the Pro] gene also an Open Reading Frame (ORF) is present coding for a basic, arginine rich peptide of 115 amino acids (13) . The calculated isoelectric point of the yet unidentified peptide was 12.3. The peptide would contain 20 mole percent of arginine (Tpr contains 33%). The ORF overrepresented very rarely used arginine codons. All the repeats, found to be associated with tRNA genes, could be folded into very stable secondary structures (Fig. 6) . A Rhoindependent terminator is predicted for the Pro r and Ser 5 -genes within the repeat following the tRNA gene (13, 12) . Therefore transcription of the repeats might depend on a low termination efficiency. For the Lys-Val,-Lys and Ser 3 -(Arg 2 )4 genes no terminator is found, assuming that these repeats might be transcribed.
Functional properties of rtT RNA
When the deletion mutant DTK 12 was shifted from a rich to a minimal medium, supplemented with limited amounts of casamino acids and mannitol as carbon source, the cells entered a transient lag-phase during early logarithmic growth (Fig. 7A) . This lag-phase is a consequence of glycine starvation and is induced by stringent response (17) . A second, very subtle lagphase was observed in the wildtype and the mutant strain later during growth (Fig. 7A) and was reversed by the addition of isoleucine (17) . In our previous experiments this subtle lag-phase was considered to be not significant. Here we show that transformation of the mutant strain DTK12 with plasmid pUM302 also compensated for isoleucine starvation (Fig. 7B) . In the following experiment the growth behaviour of the mutant was investigated using glycerol as carbon source. Under these promoter. In the third column the repeat length is shown in base pairs (bp) measured from the end of the tRNA gene to the end of the following CCA-motif. In the fourth column the identity of the corresponding repeat with rtT RNA is described in percent identity using the GAP program. In the last column the free energy of the putative secondary structure of one repeat is calculated in kcal/mol according to the FOLD program of Zuker (24) .
conditions the rate of growth was reduced, and the lag-phase was extended markedly (Fig. 7C) . Only the lag-phase caused by glycine starvation was observable in the mutant. The lag-phase was curtailed from 5 to 2 hours in strain DTK 12 transformed with the plasmid pUM302, however wildtype behaviour was not completely restored. The strain DTK12xpTT304 showed an intermediate growth behaviour: the lag-phase was shortened from 5 to 3.5 hours, but was definitely longer than in DTK12xpUM302, indicating that there was some residual activity in the truncated tyrT gene of the plasmid pTT304.
To prove more convincingly that rtT RNA can also compensate starvation of E. coli for isoleucine we have used wildtype strain K12, grown on mannitol and induced isoleucine starvation by the addition of valine under conditions described in the legend of Fig. 7D . The induced lag-phase was again significantly curtailed in transformant K12xpUM302 and also, but much less in K12xpTT304 compared to the wildtype K12. The transformants K12xpUM302 and K12xpTT304 differed solely in the level of rtT RNA (see Fig. 2, lane 2 and 3) . The results indicate that E. coli cells were less sensitive to amino acid starvation, especially under unfavourable conditions of growth, when rtT RNA was present in the cells.
In control experiments the amount of tyrosine-accepting tRNA of E. coli K12, DTK12 and of the transformants was analysed. Acceptor activity of bulk tRNA was also determined for aspartate as an internal reference. The amount of Tyr-tRNA T y was increased to the same extent in the strains transformed with the plasmid pUM302 and pTT304 indicating that the transcriptional activity of the recombinant tyrT operon of both plasmids was the same (Tab. I). In addition, two oligonucleotides complementary to the extra arms of the isoacceptors were hybridized against bulk tRNA to differentiate between the expression of the two isoaccepting species (Fig. 8) . The results showed that neither the deletion of the chromosomal copy of the tyrT operon in strain DTK 12 nor the overexpression of fyr^by plasmid-borne copies in the various transformants changed the expression rate of the tyrU gene. Measurement of tyrosine-accepting activity combined with the hybridization assay was found to be an adequate parameter to control for the expression of the tyrT operon in the strains and to elucidate whether it might be altered, for example, by differences in plasmid copy number.
DISCUSSION
Five tRNA operons of E. coli encode repeated sequences that contain a 19bp motif resembling the 3' end of the corresponding mature tRNA. Here we show that the repeated sequences are closely related with respect to primary structure and predicted secondary folding.
Deletion mutants of the tyrT operon show a transient glycine starvation phenomenon in amino acid limited media; concomittantly the levels of ppGpp and pppGpp increase (17) . Based on complementation studies with plasmids carrying parts of the tyrT locus we postulated that an RNA product derived from the downstream repeats of the tyrT operon might be involved in complementation. The RNA, expressed from the repeats of the tyrT operon, was identified and characterized using primer extension and Nuclease-Sl analysis and was mapped to pos. Tyr isoacceptor (tyrTspecific probe), in B) specfic for the tRNA 2 T>r isoacceptor (tyrU specific probe). The washing temperature, that was step-wise increased to eliminate cross hybridization between the two isoacceptors, is indicated in°C. Bulk tRNA was prepared from the following strains: 1: DTK12. 2: K12, 3: DTK12xpUM3O2, 4: DTK12xpTT304, 5: K12xpUM302, 6: K12xpTT304.
+429 to +599 oftyrT. A homologous RNA might be transcribed from the second and third repeat, that differ in 8 or 9 point mutations respectively (7, 16) . The major transcription termination site was found within the second repeat (8) . Therefore most of rtT RNA is probably expressed from the first repeat.
A similar RNA transcript, concerning hybridization specificity and length, is present in an RNaseP-temperature sensitive strain and is interpreted as a processing intermediate ranging from the 3' processing site of the tRNA, 7^ gene to the transcription termination site (7) . From the results presented here we conclude that rtT RNA is a functional product rather than a processing intermediate, and is formed during processing of the primary transcript of tyrT for the following reasons: (i) rtT RNA was found to be present in the wildtype strain E. coli K12, (ii) in Northern-blot analysis unprocessed or partially processed primary transcripts were not detectable and (iii) secondary structure prediction resulted a rather stable RNA with a free energy value of -44.3kcal/mol.
The 5' end of rtT RNA was identical with the 3' processing site of the tRNA itself, where 3' processing of the tRNA starts with an endonucleolytic cut (27) . The 3' end of rtT RNA was determined 46 nucleotides upstream of the transcription termination site. Based on these facts we postulate that a second processing event occurred at the end of the CCA-motif to release mature rtT RNA. The processing might involve the same enzymes responsible for tRNA 3' processing and the CCA-motif might function as a recognition site. However, 3' processing is a complex mechanism that involves several enzymes. An adequate temperature sensitive 3' processing mutant is presently not available (32), therefore it was not possible to prove this hypothesis.
It is known that rtT RNA contains an open reading frame, coding for the small basic peptide Tpr (11) . The 'Shine-Dalgarno' sequence that we observed in front of the second AUG initiator codon and a downstream ribosome binding site in a proper distance might permit translation of Tpr within the cell, prerequisite that rtT RNA becomes unfolded.
The amino acid composition of the putative peptide was unusual. It consisted of 11 arginine out of 33 or of 9 out of 29 amino acids, dependent on the initiation codon, resulting an extremely basic peptide with a pi value of 12.6 in each case. A comparison of the arginine codons of the peptide sequence with the codon usage of E. coli (33) showed that the two very rare arginine codons AGA and AGG were strongly overrepresented in the tpr gene, vice versa the frequency of the highly used arginine codons CGC and CGU was rather low. If the peptide is synthesized in E. coli, it is assumed to be present only in minute amounts.
In the present work we have used glycerol in addition to mannitol as carbon source to elucidate the functional properties of rtT RNA. With glycerol the growth rate is rather low and consequently, the characteristic lag-phase in the tyrT deletion mutant, caused by amino acid limitation, was extended. Upon complementation with plasmids containing the coding sequence for rtT RNA the lag-phase in the deletion mutant was drastically shortened.
The deletion phenotype was observable in stringently controlled strains only. Dependent on the expression of rtT RNA, the lagphase caused by glycine limitation in the tyrT deletion mutant or by isoleucine deprivation in the wildtype was significantly shortened. When the strains were transformed with the plasmid carrying a truncated rtT RNA gene, but still contained the similar element between the two tRNA genes, some complementation remained. This suggests that the element between the two tandemly repeated tRNA, 7^ genes also encodes a functional RNA which is possibly less active because it contains several point mutations. The spacer segment includes a 119bp motif that is homologous to the terminal repeats, but has accumulated 15 point mutations within that 119bp stretch. These mutations may have prevented the identification of the spacer-encoded RNA together with rtT RNA under the conditions used.
The induction of the lag-phase in the mutant involves an accumulation of the signal molecule ppGpp (17) . The complex regulatory network of stringent response (for review see 34, 35) is induced by stringent factor catalyzed ppGpp synthesis in a ribosome-dependent manner. Preferably in fast growing cells transiently uncharged tRNAs may accumulate when a corresponding amino acid is suddenly essential for a metabolic pathway. Under these conditions rtT RNA might prevent an immediate induction of stringent response. How rtT RNA influences this process, is presently unknown, but it might be involved in the degradation of ppGpp. Under severe amino acid limitation, stringent control is induced and rtT RNA expression itself will drop rapidly as the tyrT gene is stringently controlled (3), consequently, the rapid degradation of ppGpp would be prevented.
The identification and characterization of rtT RNA has brought new insight in the significance of the repeated sequences of the tyrT operon and the question arises, whether similar RNA products are encoded by the other tRNA genes with that structural arrangement. The conclusion that rtT RNA is involved in changing the cellular response to amino acid starvation is presently based on growth experiments and awaits further confirmation in molecular terms, but opens the intriguing perspective that the product of a stringently controlled gene might influence the process of stringent control itself.
